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Abstract: We report an efficient and scalable synthesis of
azidotrifluoromethane (CF;N;) and longer perfluorocarbon-
chain analogues (RpN;; Rp= C,Fs, "C;F, "CgF,;;), which
enables the direct insertion of CF; and perfluoroalkyl groups
into triazole ring systems. The azidoperfluoroalkanes show
good reactivity with terminal alkynes in copper(I)-catalyzed
azide-alkyne cycloaddition (CuAAC), giving access to rare
and stable N-perfluoroalkyl triazoles. Azidoperfluoroalkanes
are thermally stable and the efficiency of their preparation
should be attractive for discovery programs.

Organic compounds containing trifluoromethyl and per-
fluoroalkyl motifs find numerous applications as crop pro-
tection agents, pharmaceuticals, and functional materials." In
drugs, for example, the trifluoromethyl group is introduced
mainly to increase metabolic stability and lipophilicity (which
leads to better membrane permeability) and to modulate the
pK, of neighboring ionizable functional groups. It is also
capable of imparting weak C—F--X interactions.'"**? Per-
fluoroalkyl (Ry) groups are most commonly attached directly
to aromatic rings; however, more recently, there has been
a surge of interest in the synthesis of heteroatom-bound
structures (RO, RgS).l*% In comparison, the RN motif is
relatively rare and its chemistry has hardly been explored.
This is either due to low stability or difficulty in accessing such
compounds.! Filling this niche offers new prospects for the
creation of compounds with unique physical, chemical, and
biological properties.

Organic azides are valuable intermediates in synthetic
chemistry. Their ability to react with nucleophiles or electro-
philes, to access nitrene chemistry, or to act as dipoles in
cycloadditions, underscores their versatility.”) Copper(I)-
catalyzed azide—alkyne cycloaddition (CuAAC), for example,
is widely used across medicinal chemistry, polymer science,
and chemical biology.”! However, a drawback of azides is
their potentially explosive nature. Azidotrifluoromethane
(1a) was prepared by Makarov!” and later by Christe!® in
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Scheme 1. Synthetic strategies toward azidoperfluoroalkanes (1).

two steps from trifluoronitrosomethane (Scheme 1a). Intui-
tively, such a compound might be considered explosive;
however; 1a is relatively thermally stable and explodes only
when heated above 300°C."?) Nevertheless, the preparation
of 1a from trifluoronitrosomethane, which is toxic and
requires gas handling techniques, has precluded the use of
1a in synthesis.

Improving the synthesis of 1a in order to explore and
develop its synthetic utility was the focus of this research. The
reaction of CF;I with sodium azide under thermal or photo-
lytic conditions (Sgyl mechanism) proved unsuccessful
(Scheme 1b). However, a formal polarity reversal of the
reaction constituents did offer a more fruitful approach
(Scheme 1c). CF;TMS (2a, Ruppert—Prakash reagent) is
a well-known and easily accessible reagent for nucleophilic
trifluoromethyl addition. Upon activation by Lewis bases, it
transfers the CF; group to a variety of electrophiles.'”)
Importantly, we found that stable electrophilic azides such
as p-toluenesulfonyl azide (3, TsN;) or nonaflyl azide (NfN;)
are competent partners in this reaction. Longer carbon chain
azidoperfluoroalkanes are not known, and our aim was to
prepare them in an analogous manner from trimethyl(per-
fluoroalkyl)silanes (2) or from 1H-perfluoroalkanes (Sche-
me 1c). Some azidopolyfluoroalkanes have been synthesized
through the reaction of sodium azide with polyfluoroal-
kenes'! or halodifluoromethyl compounds.!”

Optimization of the synthesis of CF;N; (1a) was carried
out using the strategy outlined in Scheme 1c. Unlike the
reactions of silane 2a with carbonyl compounds, where
a catalytic amount of initiator is sufficient (the catalytic
cycle is maintained by the intermediate alkoxide), in our case,
an equimolar amount of the initiator was necessary. Anhy-
drous fluoride- or oxygen-containing initiators were explored
and the reaction was monitored by "FNMR to determine
yields of la and the side products fluoroform (4) and
difluorosilicate 5 (Table 1). With K,CO; in DMF, silane 2a
was converted slowly at ambient temperature or within one
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Table 1: Optimization of the CF;N; synthesis.

Q-
- F
CFsTMS + TsN; '"'t'aéo';l(:QA) CFaN3 + CFgH + [Me-Si™® | +TMS-A +TsQ
F (+ CF3C0O.Q)
2a 3 1a 4 5 6
Entry Initiator (QA) 2a/3/QA Temp. Time Yield [%]®
[mmol] °q [h]  1a,4,5,6
1 K,CO; 3:1:3 RT 18 31,2,36,3
2 K,CO; 1:3:1 RT 18 26,2,8,2
3 K,CO;, 1:3:1 60 1 25,3,8,3
4 Cs,CO; 1:3:1 RT 1 20,8,8,30
5 K;PO, 1:1:1.2 RT 18 17,22,17,—
6 Me;Nt—0O~ 1:1:1.2 RT 18 6,16,0,—
7 "Bu,N*(OAc)~ 1:1:1.2 RT 18 39,10,41,—
gt TBAT 1:1:1 —78to RT 2 25,3,20,—
9®  TBAF 1:1:1 ~78to RT 1 10,34,3,—
10 CsF 1:1:1 RT 1 27,5,38,—
11 CsF 2:1:1 RT 1 52,2,29,—
12 CsF 1:1:1 —60 18 65,13,0,-
13 CsF 1.2:1:1.2 —60to —30 4 79,9,0,—-

[a] Yield determined by '°F NMR, using PhCF; as an internal standard.
[b] THF was used instead of DMF.

hour at 60°C, providing low yields of 1a, traces of 4 and
potassium trifluoroacetate (6), and significant amounts of
difluorosilicates 5 (Table 1, entries 1-3). The use of Cs,CO;
led to faster conversion of 2a at room temperature but the
trifluoroacetate side product dominated (entry4). K;PO,
behaved in a similar manner to K,CO; (entry5), whilst
other oxygen-containing initiators afforded low yields of 1a
(entries 6 and 7). THF-soluble fluoride initiators did not bring
any improvement (entries 8 and 9). Eventually, the highest
yield of 1a was achieved using a slight excess of 2a and CsF in
DMF at low temperature (entry13). The formation of
byproducts deserves a mention. Fluoroform 4 originates
from the reaction of activated silane 2a with residual water,
which can be suppressed by ensuring rigorously anhydrous
conditions and conducting the reaction on a larger scale.
Difluorosilicate 5 is a product of the thermal decomposition
of bis(trifluoromethyl)silicate 8, which is formed from the
reaction of 7 (activated form of 2a) with excess 2a
(Scheme 2). This process and some of the compounds, such
as 5,7, and 8, have been previously described.™ Compounds
7 and 8 are known to be capable of nucleophilic CF;
transfer.'” The formation of 1a is also accompanied by the
byproducts TMS-A and TsQ.

The synthesis of 1a was scaled up to 10-20 mmol without
difficulty, however, isolation was complicated by its low
boiling point (lit. b.p.—28.5°C)." Pure samples were obtained
by distillation from the reaction mixture (using K,COj; as an

CFQ Q+ _
QA 3 F
CF,TMS e Si-Me| ————» Mg | o [Merd o
THF ® ¢k <_50°C |Me >_50°C |Me”
<-50°C 3 —TMS-A 3 —2[CFy]
2a 7 2

QA = K,CO; CsF, Me,NF, (Me3N);S*IMe;SiF,], (Me,N);CF

Scheme 2. Activation and decomposition of 2a. '*F NMR (376 MHz,
CDCl;) of 5 (QA=CsF): 6=-60.3 ppm (s).
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initiator), but only in low yields (<10%); *CNMR
(101 MHz, CDCl,) of 1a: 6 =122.0 ppm (q, Jop = 267.6 Hz).
An improved isolation method suitable for the preparative
synthesis of 1a involved the addition of THF or CDCI; to the
reaction mixture and distillation after the reaction with 3 and
CsF (Scheme 3). The THF solution of 1a (containing TMS-F)

1. CsF (1.2 equiv.), R-N3 (1 equiv.)
DMF, -60 °C to-30 °C, 4 h

ReTMS ReN3
2. Addition of THF and distillation
2 1a, Rr = CF3, 70-80%?!
(1.2 equiv.) 1c, Rg = "C4F7, 49-52%!

1d, Rg = "CgF47, 50-60%[°]

Scheme 3. Synthesis of azidoperfluoroalkanes 1. Yields were deter-
mined by '°F NMR, using PhCF; as an internal standard. [a] R=Ts.
Yield range of 8 preparations on a 10-20 mmol scale. [b] R=Nf. Yield
range of 2 preparations on a 1-2 mmol scale. [c] R=Nf. Yield range of
3 preparations on a 1-2 mmol scale.

with concentrations of 1a below 0.3M can be conveniently
stored in a closed flask at ambient temperature for at least
five weeks. Alternatively, the reaction mixture in DMF can be
used directly for further transformations (see below). Longer-
carbon-chain derivatives of CF;N; were synthesized in an
analogous manner from silanes 2 (Scheme 3). The reactivity
of silanes 2¢ and 2d was significantly lower than that of 2a,
which necessitated the use of a more reactive electrophilic
azide (NfN;). Azides 1¢ and 1d are also volatile compounds
and were purified by distillation with THF. Compound 1d is
insoluble in THF between its melting temperature
(ca.—60°C) and —20°C, and thus could be obtained in pure
form. Azidopentafluoroethane (1b, C,FsN;) was prepared in
a different manner. This involved the preparation of C,F;Li
by treating pentafluoroethane with "BuLi. The lithiated
intermediate displayed good stability in THF at —78°C.['"
Further reaction with 3 afforded 1b in a good yield
(Scheme 4). Stability experiments (sealed NMR tube,
FNMR monitoring) revealed no decomposition of 1b or
1d after 80 min at 150°C. Thus azides 1 are safe to use in
chemical synthesis under ambient or moderately harsh
conditions.

TsN3 (1.0 equiv.)

THF, 78 °C to RT, 30 min
then distillation

"BuLi (1.0 equiv.) .
C,FsH CoFsli
278" THE, Z78 °C, 30 min l 2s ]

CoFsNs
1b (83%)

Scheme 4. Synthesis of azidopentafluoroethane (1b).

Having developed an attractive and scalable synthesis of
1a and its higher perfluoroalkyl analogues, we turned our
attention to exploring their reactivity. CuAAC generally
affords 1,4-disubstituted triazoles with high selectivity;
however, there are no reports of azide—alkyne cycloaddition
with perfluoroalkyl azides. Additionally, N-perfluoroalkyl
triazoles are very rare. One report describes the formation of
a modest amount of N-trifluoromethyl triazole in a mixture

with N-trifluoromethyl aziridines upon the addition of CH,N,
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to a perfluorinated imine,™ and another demonstrates
electrophilic trifluoromethylation of triazoles to afford a mix-
ture of regioisomeric N-trifluoromethyl triazoles in low
yields."! Some N-polyfluoroalkyl triazoles have been pre-
pared through non-regioselective thermal cycloaddition of 1-
azido-1,1,2,3,3,3-hexafluoropropane and methyl 3-azido-
2,2,3,3-tetraﬂuoropropanoate,[17] and most recently through
regioselective CuAAC of 1-azido-2-chloro-1,1,2-trifluoro-2-
iodoethane with alkynes.'  1-Substituted-4-(trifuoro-
methyl)-1H-1,2,3-triazoles have been obtained through cyclo-
addition of azides with trifluoromethylacetylenes!' or
CF;CHN, with isocyanides.!"”!

Azidoperfluoroalkanes 1a-d (THF solutions) displayed
excellent reactivity in CuAAC at ambient temperature to
form novel N-perfluoroalkyl triazoles (9; Table 2). Two
different methods were used: the widely employed catalytic
copper(IT) sulfate with sodium L-ascorbate in aqueous

Table 2: Substrate scope for CUAAC of azides 1a—d with terminal
alkynes. !

RN. + R—— Method 3N'NN R
— F
s THF, RT, 18 h /l\/
1a-d 9
NN, o NN
N-Re "
Ph)\/

= CF; (9ab, 79%) B
RF C,Fs (9bb, 88%) B
Re = "CF7 (9cb, 90%) B

Rg = CF5 (9aa, 81%) B
= C,Fs (9ba, 84%) A
Re = C,F5 (9ba, 84%) B
Re = "C4F7 (9ca, 41%) B
Re = "CqF 17(9da, 57%) B

RF = CF; (9ac, 79%) B R¢ = CF5 (9ad, 84%) B
=C,Fs (9bc, 63%) A, X-ray R = C,F5 (9bd, 37%) A
RF =1C4Fy; (9de, 77%) B

2N =N
n=N. N=N.
 N-CiFs  N-CFs
N
i
FiC 7

NES N=N.

/@/‘Q/Nic'i /©/‘§/N_RF
O,N H,N

2 2

(9ae, 82%) B, X-ray - = CF, (9af, 76%) B (9bg, 91%) B (9bh, 38%) AP
Rr = C,Fs (9bf, 97%) B
N N N N
N="N N=" N="N N="
M/N—CF3 J\/g/N—CF3 JNCFs ' N-CF;
8n0 Et00C H°7<\/

(9ai, 24%) B (9aj, 90%) B (9ak, 48%) B (9al, 74%, 83:17) B

[a] Reaction conditions: alkyne (0.5 mmol), R;N; (0.6 mmol), Method A
[CuSO,-5H,0 (10 mol %), sodium L-ascorbate (10 mol %), H,0

(0.1 mL)] or Method B [CuMeSal (1-5 mol %)], THF (3-4 mL), RT, 18 h.
[b] 60°C. CuMeSal = copper(l) 3-methylsalicylate. Compound number,
yield of isolated product, and the ratio of 1,4- to 1,5-cycloaddition
product (determined by '°F NMR spectroscopy) are shown in paren-
theses.

THF (method A) or catalytic copper(I) 3-methylsalicylate
(CuMeSal) in THF (method B). A variety of aromatic
terminal alkynes substituted with electron-withdrawing or
-donating groups, as well as heteroaromatic and aliphatic
terminal alkynes with halogen, alkoxycarbonyl, hydroxy, and
amino groups, participated efficiently in these cycloaddition
reactions. Exclusive formation of 1,4-disubstituted triazoles
was observed with the single exception of compound 9al,
which afforded a mixture of the 1,4- and 1,5-isomers in an
83:17 ratio. Compound 9ai was isolated in a rather low yield
due to its volatility. Products 9 are stable solids or oils that are
amenable to purification by crystallization or column chro-
matography on silica gel. Crystal structures of 9be and 9ae

Angew. Chem. Int. Ed. 2016, 55, 1—5
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were determined and clearly show the molecular structure. A
[Dg]DMSO solution of 9aa was stable in the presence of
5 equiv of D,O, HCI, or NaOD at RT for 18 h. In NaOD,
exchange of the aromatic hydrogen atom on the triazole ring
for deuterium was detected.

In the case of N-trifluoromethyltriazoles 9a, a one-pot
two-step method was developed. This consists of the reaction
of 2a with CsF and 3 in DMF at low temperature, followed by
the addition of alkyne, an aqueous solution of CuSO,, and
sodium ascorbate, and warming of the reaction mixture to
ambient temperature in a closed reaction vessel. Under these
conditions, triazoles 9a were formed in yields comparable
with the two-pot process (Table 3). The one-pot method
provides the benefit of obviating the need for handling
volatile azide 1a, however, the regioselectivity was generally
lower (except for 9al) than for the two-pot process.

Table 3: One-pot, two-step synthesis of N-trifluoromethyl triazoles from
238

1. CsF, TsN3, DMF 2
—60 °C t0—30°C, 4 h 3N=N
CF3TMS . N-CF3
2. Alkyne, CuSO,45H,0, R4 s
2a

sodium L-ascorbate, RT, 18 h
9a

N n=N

N=" 8
FiC F

(9ag, 50%, 95:5) (9am, 81%, 98:2)

(9aa, 60%, 93:7)
(9ab, 89%, 99:1)
(9ac, 61%, 96:4)
(9ai, 24%, 92:8)
(9al, 48%, 92:8)

[a] Reaction conditions: CF;TMS (1.2 mmol), CsF (1.2 mmol), TsN;
(1.0 mmol), DMF, —60°C to —30°C, 4 h; alkyne (1.2 mmol),
CuSO45H,0 (10 mol %), sodium L-ascorbate (10 mol %), RT, 18 h.

A competition experiment revealed that 1b reacts
approximately two-fold faster at the beginning of the reaction
than its non-fluorinated analogue 1-azidoethane in CuAAC
with 4-ethynyltoluene (Figure S1 in the Supporting Informa-
tion).

In contrast to terminal alkynes, internal alkynes reacted
sluggishly with 1b even at elevated temperature (Schemes
Sa,b). To access 4,5-disubstituted triazoles, an alternative

CuS0,45H,0 (10 mol%)
sodium L-ascorbate (10 mol%)

N
N=N,
/‘Q(NfCZFS
EtOOC

b + =
(@ 1b + BOOC COOBt i 1,0, RT 10 60°C, 18 h
COOEt
(9bn, traces)
N=N
_ CuMeSal (1 mol%) N-C,Fs
(b) 1b + Ph—=—Ph —— )\<
THF, 100°C, 16h  Ph
Ph (9bo, traces)
n=N.
4-TolB(OH),, KoCO;3  N-CoFs
© 1b + Ph—=——cu 2 EtsN ‘N-CyFs Pd(OAc), (5mol%)  Ph
TRT, 161 ph)\< DMA, 50 °C, 16 h
(9bp 60%) (9ba, 78%)
=<0)-ome Rh
K,CO3 oo _
Pd(OAC), (5 mol%) = N
CuMeSal (1 mol%) C F
DMA, 50 °C, 16 h (9br, 83%) 2Fs
Scheme 5. Synthesis of 4,5-disubstituted N-perfluoroalkyl triazoles.
www.angewandte.org
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strategy was devised. Reaction of phenyl copper acetylide
with 1b in the presence of iodine afforded iodotriazole 9bp in
a good yield (Scheme 5c¢). Triazole 9bp was partially deiodi-
nated during column chromatography purification on silica
gel. lodotriazoles have previously been prepared from rather
unstable iodoalkynes or insitu prepared iodoalkynes from
alkynes and N-iodomorpholine-HL.?" Our approach uses
stoichiometric amounts of copper but is simple and inex-
pensive. Suzuki-Miyaura coupling of 9bp with arylboronic
acid and Sonogashira coupling with an arylacetylene provided
4,5-disubstituted triazoles 9bq and 9br in good yields
(Scheme 5c¢).

In summary, reactions of perfluoroalkyl carbanion equiv-
alents with electrophilic azides led to the formation of
azidoperfluoroalkanes 1 in a preparatively useful method.
The method is operationally simple and inexpensive, which
should enable the introduction of azidoperfluoroalkanes on
the scale required for discovery programs for the first time.
The azidoperfluoroalkanes underwent CuA AC with terminal
alkynes to form novel N-perfluoroalkyl triazoles, with the
option of converting them into 4,5-disubstituted triazoles.
This work opens new chemical space for investigation of the
properties and reactivity of azidoperfluoroalkanes, which
represent underexplored but potentially promising fluori-
nated building blocks.
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Azidoperfluoroalkanes: Synthesis and

Application in Copper(l)-Catalyzed
Azide-Alkyne Cycloaddition
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No longer chemical curiosities: Azido-
perfluoroalkanes were conveniently pre-

pared from perfluoroalkyl carbanion pre-
cursors and electrophilic azide reagents.

The azidoperfluoroalkanes show good

stability and good reactivity with terminal
alkynes in copper(l)-catalyzed azide—
alkyne cycloaddition (CuAAC), giving
access to rare and stable N-perfluoroalkyl
triazoles.
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